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An environment friendly biodegradable board called Bio-board using corn straws was introduced. Five
main board making processes were proposed. To investigate the effect of pressure on the strength of Bio-
board, ﬁve pressures were applied in forming process. Board making results showed that under all
experimental conditions, it is successful in making board using corn straw. Density of ﬁve bio-boards is in
the range of 0.87 g/cm3e1.02 g/cm3. The moisture contents of Bio-board showed a range of 3%e6% in wet
base. Strength test resulted that remarkable variety of rupture stress under different pressures could not
been observed. Under the condition of 8 MPa, bio-board has bending strength as high as 29.37 MPa.
Meanwhile Bio-board has tensile strength as high as 10.89 MPa resulted in the pressure of 10 MPa.
© 2015 The Authors. Published by Elsevier B.V. on behalf of Asian Agricultural and Biological Engineering
Association. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Biomass is the most common form of renewable resources
widely used in theworld.World production of biomass is estimated
at 146 billion metric tons a year, mostly wild plant growth (Cuff and
Young, 1980). It has great potential as a renewable energy source,
both for the richer countries and for the developing world
(Demirbas, 2001).
As one of the representative agricultural residues, straw from
corn grain production are primarily considered to be obvious
source of biomass (Graham et al., 2007). Corn (maize) straws ac-
count for 29% of the worldwide tonnage of ﬁbrous raw materials
from ﬁeld crops (Rowell et al., 1997) according to the statistics of
United States Department of Agriculture (USDA) (1987) and ac-
cording to Zhong et al. (2011) approximately 0.8 billion tons of
various crop residues are produced annually in China, of which corn
straw are make up 216 million metric tons. In general, these corn
straw are inefﬁciently utilized, which also causes environmental
problems such as open-air burning, dumping or animal feeding
(Bringezu et al., 2007). In this context, research into a new board
substitute for fossil-derived using corn straw is under consideration
in this study.ources, Mie University, 1577
7, Japan.
B.V. on behalf of Asian Agricultura
es/by-nc-nd/4.0/).Referring to the Asian Biomass handbook (Yokoyama and
Matsumura, 2008), composition board has many names and deﬁ-
nitions. Several physical technologies that have been developed
include milling, grinding and steam explosion for converting agro-
residues into a variety of composite board as structural and deco-
rative products. These boards are named kenaf particle board
(Fujiwara et al., 2010) and kenaf core board (Saad and Kamal, 2012)
both of which are manufactured with urea formaldehyde (UF),
phenol formaldehyde (PF) and polymeric 4,4-methyl phenyl-
methane di-isocyanate (PMDI) resins. The addition of resins is
essential to obtain composite board having satisfactory properties,
however it is not completely biodegradable after abandoned. On
the other hand, some research has focused on ﬁberboard without
any kind of binder. For example, Jain and Handa (1982) using wheat
straw to produce binderless board, Mobarak et al. (1982) who used
bagasse and Laemsak and Okuma (2000) developed board made
from oil palm front. These conversion technologies mainly devote
to the pretreatment to improve the combine property, however for
steam explosion process, a large-scale device and energy would be
needed.
The present research is dealing with the manufacturing process
for a green biomass board using corn straw (stem and leaves). Bio-
board is a kind of new material, which is different from metal,
plastic, composite material, properties of bio-board is still un-
known. The purpose of this study is to explore the possibility of
making a biodegradable board using corn straw with the process
proposed. Bio-board could be considered to be applied as insolationl and Biological Engineering Association. This is an open access article under the CC
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density, moisture content and basic mechanical properties were
measured. The process of board making which is different from
other ﬁberboard is that hydrogen bonding. The hydrogen bonding
connection is considered as the basic board making principle (Sun
et al., 2010). Finally, effect of the pressure applied in forming pro-
cess on the strength of biomass board is also investigated and
discussed.
2. Materials and methods
2.1. Board making
2.1.1. Basic principle
As Hubbe (2006) says cellulose and hemicellulose, two of the
main components of ﬁbers, are covered with hydroxyl groups. The
oxygen atoms in these groups are able to hydrogen bond to
hydrogen atoms on adjacent ﬁbers or water molecules. Drying of
bio-board causes some ﬁber-to-ﬁber hydrogen bonds to take the
place of ﬁber-to-water hydrogen bonds.
Hydrogen bonding principle applied in board making is origi-
nality. The pressure applied in process is to press out water from
bio-board and the slight temperature is considered to evaporate
water molecular between celluloses of bio-board (Wu et al., 2012).
2.1.2. Board making process
Sweet corn (Zea mays L. convar. mays) straws were used in this
work. Sowing date was on May 1st and harvested on August 10th
(Liu et al., 2009) at the Mie University Bio-resource Department's
experimental farm. After harvesting, grains were removed. Stem
and leaves were left in a ventilated storage air-dried for two
months. The ﬁve processes are cutting, soaking, grinding, com-
pressing and drying showed in Fig. 1. Compressing and drying
procedures are carried out together and called “the forming
process”.
During pretreatment, dry corn straws were cut into chips using
an electric cutter, then soaked in water at 22 C for 168 h for soft-
ening the straw ﬁber. In soaking process, corn straw ﬁber bundles
absorbed moisture from water condition. It is easier to soften ﬁber
bundles in a wet condition than destroy the structure of lignocel-
luloses ﬁbers in a dry state. Soaking process is a preparation to the
ﬁberization of corn straws.
Soaked straw was then ﬁberized (pulped) by using an atmo-
spheric reﬁner with conical blades in Fig. 2a (Model A Beatﬁner.
Satomi. Corp.). The motor capacity is 11kw  4p-200, 60 Hz, rota-
tional speed is 1750 r.p.m (60 Hz). The maximum ﬂux control is
0.05e0.1 m3/min. Air pressure is 0.6 MPa required. Grinding part is
an assembling conical cutters with blades. Dimension of cutter is
2.5 mm  3.0 mm  8(blade width  slot width  blade angle).
Fiberization of corn straws at atmospheric pressure was carried
out by passing the damp cut straw along with running water
through the reﬁner’ rotating blades. During grinding process, ﬁber
bundles would be ﬁberized by milling. Accordingly, milled-corn
straw was sieved to possess particle size using a screen with
2 mm  2 mm hole size. The ground straws were fractionated into
a ﬁne fraction which possessed particle size of 0.5 mm~2 mm.Corn 
straw 
Cutting Soaking Grinding 
Compressing Drying Bio-board 
Fig. 1. Flow chart of Bio-board making process.Grinding process was done with water. Therefore, corn straw pulp
shown in Fig. 2b was prepared before compressing.
A closed stainless steel die with some accessories including
metal block, meshes, were designed which enabled obtaining one
square board, 100 mm long, 100 mm width and 40 mm depth. The
calculated amount of ground corn straw was carefully ﬁlled in the
die, and prepressed by for pressing excess water out from the die.
Holes were drilled in the bottom of die, metal block and plate 2mm
in diameter, in a 7 mm 7 mm grid allowing water to escape in the
forming process.
The desired pressure was applied at the maximum temperature
of 110 C.110 Cwas chosen as a proper boardmaking experimental
condition for higher temperature may break the structure of
lignocellulose and lower temperature does not evaporate water in
bio-board (Saiki and Fujiwara, 1985). It took 8e10 min until the die
containing the samples reach the maximum temperature. Forming
experimental conditions are displayed in Table 1. As Pan (2009)
described during forming process hydrogen bonds hold the
chains ﬁrmly together side-by-side and forming micro ﬁbrils with
high tensile strength and water inside of bio-board could be also
evaporated by high temperature and pressure.
Ten Bio-boards were made to demonstrate the ﬁve experi-
mental conditions. For each of the experimental conditions, two
Bio-boards were made. The number 1 for bio-board was applied in
bending test and the number 2 for bio-board which was applied in
tensile test. They are named A1, A2, ~, E1, E2.
Thickness of bio-board is measured as below. On one board
three horizontal lines and three perpendicular lines were drawn
then the area of bio-board was divided into sixteen square blocks.
The area of each block was 25 mm  25 mm. For thickness mea-
surement, eight points at the outer side of four blocks in the center
of board were chosen. Thus, densities of bio-board were deter-
mined as follows:
Density ¼ hot presser dry weight ðgÞ
.
sample volume

cm3

Moisture content analyze were done after strength tests:
Numbered specimens were cut into chips and weighted, oven dried
at 100 C till constant weight, and moisture percentage was
calculated according to JSPP (2007).
2.2. Strength tests
The mechanical property investigations applied on metal is
referred to bio-board. Bending and tensile strength is a usual
method to investigate the basic mechanical properties of material
(JIS, 2011). Therefore, bending tests and tensile strength tests were
conducted.
In the Three-Point Bending Test, ﬁve Bio-boards named A1, B1,Fig. 2. Grinding machine and ground material.
Table 1
Condition of Bio-board production.
Bio-board no. Pressure (MPa) Dying temp. (C)
A1,A2 2 110
B1,B2 4 110
C1,C2 6 110
D1,D2 8 110
E1,E2 10 110
L=50
P=60 
D=12.5 
R=15 
P: Length of reduced section, L: Gage length 
R: Radius of fillet, min. D: Diameter 
Fig. 3. Dimension of specimen for tensile strength tests.
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angular beam specimens following standard JIS procedures and
recommendations (JIS Z2248:1996) were prepared. All dimensions
were measured with an accuracy of ±0.02 mm. Capacity of 100 N
load cell was ﬁxed on amotor, applied at a uniform rate of 0.57mm/
s in its vertical direction. Furthermore, the deformation signal was
measured by a potentiometer. Both signals of force and deforma-
tion were transmitted into an ampliﬁer and A/D convertor then
logged in a computer. The bending stress of Bio-boardwas obtained
by the quotients of bending moment and section modulus of the
specimen. Rupture stress was deﬁned by quotients of maximum
bending moment and section modulus of specimen when the
specimen was fractured. The classic formula (William, 1957) for
determining the bending stress is:
sb ¼
3PLs
2ba2
(1)
where P ¼ force at fracture of test specimen; Ls ¼ bearing distance
between supports; b¼width of test specimen; a¼ thickness of test
specimen.
To determine the internal bond strength, tensile strength tests
were done under deformation control by using a universal testing
machine. Speed of cross-head was 15 mm/min. Twenty specimens
taken from ﬁve Bio-boards named A2, B2, C2, D2, E2were subject to
tensile strength tests following standard JIS procedures and rec-
ommendations (JIS z 2201) illustrated in Fig. 3.
Normal stress is deﬁned by the quotients of axial load applied on
specimen and original cross-sectional area of the specimen.
Rupture stress was obtained when the axial load reaches to
maximum value while the specimen was fractured. Rupture stress
is expressed below:
st ¼ PA (2)
where P¼Maximum axial load, A¼Original cross-sectional area of
gauge section.Fig. 4. Appearance of bio-board.2.3. Young's modulus and static toughness
In tensile strength test, Young's modulus of bio-board was
calculated from stressestrain curve (Kageyama et al., 1995). Static
toughness of ﬁve bio-boards was calculated with Formula (3).
U ¼
Zεｆ
0
f ðεÞdε (3)
where U ¼ Static toughness, ε ¼ Engineering strain,
εf ¼ Engineering strain at fracture point.3. Results and discussion
3.1. Board making
Bio-board of A1, B1, C1, D1, E1 were subjected to the bending test
and A2, B2, C2, D2, E2 were used for the tensile strength test. The
dimension of all Bio-boards were 100 mm  100 mm in area and in
the range of 1.27 mme1.56 mm in thickness. Fig. 4 shows the front
and side of one bio-board. This experiment proved that Bio-board
can be made successfully under all experimental conditions. Not
only the Bio-board, but the processes for making the Bio-board
were also shown to be successful.
Density of Bio-board displayed in Fig. 5 indicates that Bio-board
has respective density at the range of 0.87 g/cm3e1.02 g/cm3. With
the ﬁve levels of pressure 2 MPae10 MPa resulted in slight increase
in the board density. Under condition of 2 MPa, board density is
minimal. The maximum density was observed in the condition of
8 MPa.
Themoisture contents of Bio-boardmade in this study showed a
range of 3%e6% in wet base. Properties of density and wet-basis
moisture content of Bio-boards are similar to MDF (medium den-
sity ﬁberboard) 5 Type ~ 30 Type based on JIS A 5905-2003.
In Fig. 6 on the right shows the section image of specimen under
electronmicroscope at magniﬁcations. Corn straw ﬁbers inside bio-
board are observed compacted and displayed irregular. The image
on the left shows a dentation fracture image of specimen. The
fracture in specimen is rough. Uniform ﬁbrous fracture is visible in
the fragment. One reason must be considered that a bio-board is a
composite. Its performance depends on the strength of its con-
stituent units as well as their geometries and unit-to-unit bonding.
3.2. Result of strength test
3.2.1. Bending tests
The 25 specimens obtained from board A1 to board E1 were
provided for bending test. The stress-deﬂection curves of ﬁve
boards are shown in Fig. 7e11. The changes of bending stress
applied on ﬁve specimens are compared in the stress-deﬂection
curves. Generally, stress value increased with the increase of
deﬂection until reaching a maximum value. In addition, the curves
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fractures occurred. Specimens fractured at approximately 2 mm of
deﬂection. Bending stress is called rupture stress when the spec-
imen fractured. After specimen fractured, bending stress decreased
sharply and is near to zero, however, bending stress still appears a
few because some ﬁbers were still remained connecting.
Compared to the other four specimens in one bio-board a
distinctly highest peak value was observed in board A1, B1 and C1.
The stress-deﬂection curve describes unique characteristics and
shows different modulus of elastic and rupture strength of each
specimen.
In Fig. 12, different rupture stress values bio-boards maximum
value, average value and minimum value were calculated from
stress-deﬂection curves. The results indicate that the higher pres-
sure applied, the higher rupture stress was obtained, however,
under the pressure of 10 MPa rupture stress decreased slightly. The
variability in density of bio-board also implies that at the pressure
of 10 MPa density of board E1is lower than board D1. On the other
hand, minimal variability in rupture stress was obtained in board
D1.
The bending rupture stresses of board A1 to E1 is presented in
Table 2. According to the results of strength test, it implies that
rupture stress of ﬁve bio-boards is obviously different. Maximum
bending rupture stress 29.37 MPa occurred with the condition of
8 MPa. Therefore, results of bending strength test prove 8 MPa
pressure applied in forming process is optimum condition to make
bio-board.
3.2.2. Tensile strength tests
As an important mechanic property for Bio-board study, tensile
strength test was conducted. Boards named A2, B2, C2, D2, E2 were
used for tensile strength tests and the stressestrain curves are
shown in Fig.13 to 17. All the curves indicates in the beginning of
the stressestrain curve, tensile stress increases with the increase of
strain, after the tensile stress reaches the maximum value, speci-
mens were broken, then, tensile stress decreases suddenly to zero.
The maximum value is called tensile rupture stress.
The tensile rupture stress of ﬁve Bio-boards is shown in Fig. 18
with maximum value, average value and minimum value. RuptureFig. 6. An electron micrograph of bio-board. Cross section (right), dentation fracture of
bio-board (left).
Fig. 9. Stress of bio-board C1.stress in tension obtained fromboard A2 ~E2 showed a large variety
between maximum stress and minimal stress in one bio-board. In
Table 2 rupture stress reveals that the maximum 10.89 MPa was
obtained in board E2 which was made by 10 MPa pressure.
Compared to Fig. 12 showing bending rupture stress, rupture
stress stf is lower than bending rupture stress sbf. According to “An
Introduction to the Building Standard Law NO.1452”, the bending
stress of coniferous wood is higher than tensile stress because bio-
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Fig. 10. Stress of bio-board D1.
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Fig. 11. Stress of bio-board E1.
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Fig. 12. Rupture stress of ﬁve provided Bio-board for bending test.
Table 2
Average rupture stress of bio-board.
2 MPa 4 MPa 6 MPa 8 MPa 10 MPa
sbf
(MPa)
24.57 27.45 27.74 29.37 26.39
stf
(MPa)
6.43 10.85 9.07 9.46 10.89
Fig. 13. Stressestrain curve of bio-board A2.
Fig. 14. Stressestrain curve of bio-board B2.
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celluloses, lignin, and extractives (Sjostrom, 1993).
Bending rupture stress sbf and tensile strength rupture stress stf
are shown in Table 2. This distinct variation between and could be
explained by two reasons. First, Kageyama et al. (1995) in his
teaching materials stated that stress distribution of ﬁber material
are more complex than metal. Stress distribution specimen in
bending test performs in tension under neutral axis while above
neutral axis specimenwas suffered from compression behavior. For
tensile strength test, specimenwas suffered from tension force and
only tensile stress distribution was in the area of thrust surface.
Second, stress of ﬁbrous bio-board may relate to ﬁber recombina-
tion because cellulose ﬁber has its own mechanical properties
proved by Isogai et al. (2011).Fig. 15. Stressestrain curve of bio-board C2.
Fig. 17. Stressestrain curve of bio-board E2.
Fig. 18. Rupture stress of ﬁve provided Bio-board for tensile test.
Fig. 16. Stressestrain curve of bio-board D2.
Table 4
Static toughness of bio-board.
A2 B2 C2 D2 E2
Range
(kPa)
23e91 64e106 47e109 53e99 66e124
Ave.
(kPa)
48.3 76.5 67.5 74.0 85.0
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In tensile strength test, it seems that stressestrain curves almost
approach a line before the specimens fracture. Therefore, the cor-
relation between stress and strain on the approximate portion ofTable 3
Modulus of elasticity of bio-boards.
Pressure (MPa) Range of E (GPa) Average E (GPa)
2 0.8e2.2 1.4
4 1.4e1.9 1.8
6 1.3e1.9 1.6
8 1.3e1.6 1.6
10 1.2e1.7 1.5stressestrain curvewasmodeled by a linear form. Young's modulus
of bio-boards were calculated and displayed in Table 3. It has been
found that the range of E in every bio-board is different. Four
specimens of one board showed various deformation perfor-
mances. The average range of Young's modulus of bio-board is
1.4 GPae1.8 GPa.
Average static roughness of ﬁve bio-boards is displayed in
Table 4. The results found that pressure applied in forming process
has a great inﬂuence on the specimens. Board E2 made with the
pressure of 10 MPa has the maximum static toughness 85 kPa, in
the opposite, Minimum static toughness 48.3 kPa was obtained in
board A2 which was made with the pressure of 2 MPa.
4. Conclusions
In this study ten Bio-boards were made with ﬁve experimental
conditions and strength test were carried out to investigate their
mechanical properties. The conclusions shown are as follows:
1) The results indicate that under all experimental conditions,
making boards using raw materials of corn straws was suc-
cessful. Therefore, the board making process in this research is
feasible.
2) In the bending test and tensile strength tests, the results showed
that the stress increased with the increase of deformation for all
Bio-boards. The stress reached a maximum value when the
specimen was failed, then stress decreased sharply ﬁnally to
zero.
3) Under the condition of 8 MPa, bio-board has maximum bending
strength as high as 29.37 MPa. In tensile strength, the highest
rupture stress of 10.89 MPa was resulted in the pressure of
10 MPa.
4) The result of stressestrain curves of tensile strength test reveals
that the average range of Young's modulus of bio-board is
1.4 GPae1.8 GPa. Static toughness is larger as pressure becomes
higher. With 10 MPa pressure bio-board has maximum static
toughness 85 kPa.
The basic mechanical properties of bio-board were investigated
and the results proved that bio-board could be created for use a
packaging material, for heat insulation in architecture, and as a
mulch ﬁlm for agricultural purposes.
References
Bringezu, S., Ramesohl, S., Arnold, K., Fischedick, M., Geibler, J., Liedtke, C.,
Schutz, H., 2007. Towards a Sustainable Biomass Strategy. A discussion paper of
the Wuppertal Institute. Wuppertal papers No. 163. www.wupperinst.org.
Cuff, D.J., Young, W.J., 1980. US Energy Atlas. Free Press/McMillan Publishing Co, NY.
Demirbas, A., 2001. Energy balance, energy sources, energy policy, future de-
velopments and energy investments in Turkey. Energy Convers. Manag. 42,
1239e1258.
Fujiwara, S., Ohno, S., Okudaira, Y., 2010. Lightweight sliding door using environ-
ment conscious kenaf boards. Panasonic Technol. J. 58 (3), 56e58 (Japanese).
Graham, R.L., Nelson, R., Sheehan, J., Perlack, R.D., Wright, L.L., 2007. Current and
potential U.S. corn stover supplies. Agron. J. 99, 1e11.
Hubbe, M.A., 2006. Bonding between cellulosic ﬁbers in the absence and presence
of dry-strength agents-a review. BioResources 1 (2), 281e318.
Isogai, A., Saito, T., Fukuzumi, H., 2011. TEMPO-oxidized cellulose nanoﬁbers.
T. Wu et al. / Engineering in Agriculture, Environment and Food 8 (2015) 123e129 129Nanoscale 1, 71e85.
Jain, S.K., Handa, S.K., 1982. A press for producing binderless board from agricultural
wastes, vol. 27, pp. 121e123.
Japanese Industry Standards handbook, 2011. Metallic MaterialsdTensile Strength
TestingdMethod of Test at Room Temperature. Japanese Industrial Standards
Publ., Tokyo.
JSPP, 2007. Plant and Cell Physiology, vol. 48 (12). Japanese Society Plant Physiol-
ogists. Oxford Press.
Kageyama, K., Kimpara, I., Esaki, K., 1995. Fracture mechanics study on rehabilita-
tion of damaged infrastructures by using composite wraps. In: Proceedings of
ICCM-10, Whistler, B.C., Canada. Processing and Manufacturing, vol. 3,
pp. 593e604.
Laemsak, N., Okuma, M., 2000. Development of boards made from oil palm front II:
properties of binderless boards from steam-exploded ﬁber of oil palm front.
J. Wood Sci. 46, 322e326.
Liu, M., Tao, H.B., Wang, P., 2009. Effect of sowing date on growth and yield of spring
maize. Eco-Agriculture 17 (1), 18e23 (in Chinese).
Mobarak, F., Fahmy, Y., Augustin, H., 1982. Binderless lignocellulose composite from
bagasse and mechanism of self-bonding. Holzforschung 36, 131e135.
Pan, J.X., 2009. History of Chinese Papermaking. Shanghai People's Publishing
House, Shanghai, pp. 18e24 (Chinese).
Rowell, R.M., Raymond, A.Y., Rowell, J.K., 1997. Paper and Composites from Agro-based Resources. Lewis Publ.
Saad, M.J., Kamal, I., 2012. Mechanical and physical of low density kenaf core par-
ticleboards bonded with different resins. J. Sci. Technol. 4 (1), 17e31.
Saiki, H., Fujiwara, T., 1985. Mercury losses During Dryness and Grind of Plant
Samples Dendryoku Chuo Kenkyou sho Hokoku, vol. 60, pp. 1e7 (Japanese).
Sjostrom, E., 1993. Wood Chemistry: Fundamentals and Applications. Gulf Profes-
sional Publ.
Sun, H., Wang, X.L., Koji, K., 2010 December. Production of bio-board and its me-
chanical properties. J. Environ. Conserv. Eng. 39 (12), 738e744.
United Sates Department of Agriculture, Forest Service, 1987. Wood Handbook.
Agricultural Handbook 72. USDA, Washinton, D.C.
William, A.N., 1957. Theory and Problems of Strength of Materials. McGraw-Hill
Book Co., USA.
Wu, T.T., Wang, X.L., Koji, K., 2012. Production of biodegradable board using corn
straw and its mechanical properties. Adv. Mater. Res. 602-6-4:1190e1195.
Yokoyama, S., Matsumura, Y. (Eds.), 2008. A Guide for Biomass Production and
Utilization. The Asian Biomass Handbook. The Japan Institute of Energy, Tokyo,
Japan.
Zhong, W.Z., Zhang, Z.Z., Luo, Y.J., 2011. Effect of biological pretreatments in
enhancing corn straw biogas production. Bioresour.Technol. 102 (24),
11177e11182.
